Introduction
The human exocrine pancreas secretes 1-2 liters of pancreatic juice per day. When stimulated, the pancreas secretes alkaline pancreatic juice containing copious amounts of bicarbonate (HCO 3 -) (23, 74) . HCO 3 -plays essential roles in the digestive system. HCO 3 -determines the pH of bodily fluids as a major buffer system that guards against toxic pH fluctuations (116). HCO 3 − in pancreatic juice neutralizes gastric acid, and provides an optimal pH environment for digestive enzymes to function in the duodenum (74) . In addition, HCO 3 − acts as a moderate chaotropic ion that facilitates the solubilization of macromolecules, such as digestive enzymes and mucins (42) . The importance of HCO 3 -is highlighted in the abnormal HCO 3 -secretion in cystic fibrosis (CF), which causes poor mucin hydration and solubilization leading to obstruction of ductal structures of the pancreas, intestine, vas deferens and the lung (112, 113) .
The exocrine pancreas is composed of two major cell types, acinar and duct cells. Acinar cells secrete a small volume of isotonic, plasma-like, NaCl-rich fluid and digestive enzymes. Duct cells modify the ionic composition of the fluid and secrete the bulk of the fluid and HCO 3 − of the pancreatic juice. According to the HendersonHasselbalch equation, at pH 7.4 and 5% CO 2 , the HCO 3 -equilibrium concentration in plasma is approximately 25 mM. In humans, dogs, cats, and guinea pigs, HCO 3 -concentration in postprandial pancreatic juice is higher than 140 mM (23, 74) . This remarkable transport performance has attracted much attention from pancreatologists and physiologists. Current understanding of the molecular mechanism of pancreatic HCO 3 - secretion was improved by the recent identification of ion transporters and channels, including the cystic fibrosis transmembrane conductance regulator (CFTR) (61) , the electrogenic Na + -HCO 3 -co-transporter NBCe1-B (also known an pNBC1) (1), and the solute-linked carrier 26 (SLC26) transporters (25, 100) , together with regulatory proteins, such as with-nolysine kinase 1 (WNK1) (102) , SPAK (30) and the inositol-1,4,5-triphosphate (IP 3 ) receptor binding protein released with IP 3 (IRBIT) (140) .
to ingestion of a meal, and is regulated by multiple neurohumoral inputs. Fluid secretion. In addition to these classic stimulators, several other humoral agents are released by the pancreas for fine tuning its secretion, including insulin, somatostatin, purines, and prostaglandins (78) . Additional information on hormonal control of pancreatic secretion can be found in a previous review (74) and the "Regulation of Pancreatic Secretion" section in Pancreapedia (18) .
Humoral Control
Secretin: The low pH (below 4.5) gastric chyme stimulates the release of secretin from duodenal S cells into the blood (12, 19 
Neuronal Control
Pancreatic secretion is regulated by the enteric nervous system, which is composed of a gut-brain axis and an intrapancreatic system. ). Indeed, NBCe1-B contributes up to ~75% of the HCO 3 -influx during secretin-induced ductal fluid and HCO 3 -secretion in guinea pig (54, 56) . The activity of NBCe1-B is controlled by multiple inputs, including IRBIT and the WNK/Ste20-related proline/alanine-rich kinase (SPAK) pathway (124, 141) and most notably intracellular Cl - (121) . In addition to NBCe1-B, the duct expresses electroneutral NBCn1-A (NBC3) on the apical (luminal) membrane (103, 111) . This transporter may mediate HCO 3 -salvage in the resting state to maintain acidified pancreatic juice (32, 85) .
CFTR
The discovery of acidic pancreatic juice in patients with cystic fibrosis (CF) was a milestone in understanding the mechanism of pancreatic HCO 3 -secretion (57) . The CF transmembrane conductance regulator (CFTR) was discovered as the protein mutated in patients with CF (61, 114, 115 (83) . Among the 13 AQPs, AQP1 and AQP5 are the major aquaporins in pancreatic duct (14, 64, 65) . The role of individual aquaporins in the duct has not been established yet.
Carbonic Anhydrases: A topic poorly studied that deserve more attention is the role of the ductal carbonic anhydrases (CAs) in fluid and electrolyte secretion, in particular with the emerging secretory epithelial diseases due to mutations in CAs. Mutations that affect the action of CA4 cause retinitis pigmentosa (5) and a mutation in CA12 causes salt wasting (28, 90 and regulate their activity. CA4 interacts with the C terminus of NBCe1-A to increase its activity (4). The C terminus of NBCe1-A and NBCe1-B are conserved and thus likely CA4 regulates NBCe1-B. NBCn1-A recruits the cytoplasmic CA2 to the plasma membrane, where CA2 increases the activity of NBCn1-A (81). CA2 is closely associated with NHE3 and increases NHE3 activity (70) . CA2 interacts with apparently novel site at the C terminus of NHE1 to regulate NHE1 activity (77) . CA2 was reported to interact with the C terminus of slc26a6 to increase its activity. However, the role of other CAs, in particular the plasma membrane anchored CAs, on the activity of the slc26a6 and other SLC26 transporters has not been investigated yet. Finally, CA2 also interacts with AQP1 to increase water flux by AQP1 by an unknown mechanism (135).
A particularly interesting CA is the basolateral membrane anchored CA12 with a catalytic site at the extracellular membrane surface. A human mutation in CA12(E143K) is the cause of an autosomal recessive form of salt wasting, which leads to hyponatremia with hyperkalemia, high sweat Cl -, dehydration and failure to thrive. (27, 28, 90) . A recent work to understand the cause of the disease established a prominent role for CA12 in ductal fluid and HCO 3 -secretion. Thus, CA12 release. In fact, the IP 3 Rs appear to function as IRBIT buffers to prevent IRBIT access to many transporters and targets regulated by IRBIT (75) . The C-terminal region of IRBIT family proteins shows ~ 50% homology with the ubiquitous housekeeping enzyme S-adenosyl-lhomocysteine hydrolase (AHCY), with IRBIT having additional N terminal sequence while it lacks the hydrolase activity (7). The main known domains of IRBIT are PP1 and calcineurin binding motif, a PEST domain, a coiled-coil domain, and a PDZ ligand at the end of C terminus (75) .
IRBIT plays an important role in pancreatic ductal secretion by regulating multiple transporters and mediating the synergistic action of the cAMP/PKA and Ca 2+ signaling pathways (Figure 2) . Knockdown of IRBIT in ducts and knockout in mice modestly inhibit fully stimulated pancreatic duct fluid and HCO 3 - secretion (142), and eliminate the physiological synergistic action of the cAMP/PKA and Ca 2+ signaling pathways (105) .
IRBIT accumulates at the apical pole where IP 3 Rs are highly expressed, but it can be found all over the cell where IP 3 Rs are present (76 by phosphorylation mediated by the kinases WNK1 and WNK4. This enhances the plasma membrane relocation of NBCe1-B, CFTR (140) and slc26a6 (105) from intracellular vesicular pools. At the plasma membrane, IRBIT directly interacts with the transporters to further increase their activity. The activation mechanism is not known in all cases. However, information exists for NBCe1-B in which IRBIT eliminates autoinhibition (124) . The PDZ binding motif of IRBIT is required for assembling the IRBITNBCe1-B and IRBIT-CFTR complex (142) .
IRBIT and Synergism: An important action of IRBIT is mediating the synergistic action of the cAMP/PKA and Ca 2+ signaling pathways (105) (see Figure 2) . Physiological stimulus intensity must be quite weak to prevent cell toxicity that occurs under strong stimulation of all signaling pathways. Indeed, at physiological stimulus intensity the secretory process is activated only by about 10% or less of maximal stimulation. Synergism between weakly stimulated signaling is used to generate the maximal response while avoiding cell toxicity. IRBIT mediates the synergism between the cAMP/PKA and Ca
2+
signaling pathways by translocation between cellular compartments and transporters. At the resting state, IRBIT is sequestered by the high level of IP 3 Rs at the ductal ER apical pole and is not available for interaction with the transporters. The affinity of the IP 3 Rs for IRBIT and IP 3 is regulated by PKA-mediated phosphorylation of specific IP 3 Rs serine residues. Phosphorylation of the serine residues increases the affinity for IP 3 and at the same time decreases the affinity for IRBIT. Now, a small increase in IP 3 the energy barriers of size-exclusion, and ion dehydration. Changes in pore size affect the energy barrier of ion dehydration by altering the electric permittivity of the water-filled cavity in the pore. Dielectric constant (relative permitivity, ε) is a unit of electric permittivity, and the dielectric constant of water (ε w ) is approximately 80 at room temperature. Water molecules in confined geometries like ion channels exhibit a spacedependent reduction in the pore water ε w down to 20, due to the restriction of the translational and rotational mobility of water molecules (2) . Pore dilation relieves this restriction of water molecule movement and increases ε w , which eventually leads to an increase in the overall ε of the anion channel pore. Indeed, the pore dilation induced by WNK1 activation increased the ε of the CFTR pore from 16 to 43 (58) . In general, ions pass through the channel after dehydration (at least partial dehydration). Asymmetrically charged ions, such as HCO 3 - , show lower permeability than the symmetrically charged ions, such as Cl -, due to the high hydration/dehydration energy barrier. The increase in anion channel pore ε greatly alleviates the dehydration penalty of the asymmetrically charged HCO 3 - , and increases P HCO3 /P Cl ( Figure  4) .
Interestingly, activated WNK1 while shifting CFTR anion selectivity, does not lose the inhibitory effect on SLC26A6 and SLC26A3 (102 3 -content of the pancreatic juice.
Conclusions
The mechanism by which the human pancreatic duct secretes nearly isotonic HCO 3 -solution has long been an enigmatic question for both physiologists and clinicians (74, 129) . When Bayliss and Starling first noticed that the exocrine pancreas secretes alkaline fluid, they assumed that carbonate is responsible for the strong alkalinity of the pancreatic juice (10 
